In this study, Mg-2Zn-0.5Ce-0.5Mn-0.2Ca alloy was prepared. The corrosion and discharge properties of the alloy in 3.5 wt.% NaCl solution was studied and compared with those of an AZ31 alloy. The Mg-2Zn-0.5Ce-0.5Mn-0.2Ca alloy exhibits higher corrosion resistance than that of the AZ31 alloy. The corrosion current densities of the Mg-2Zn-0.5Ce-0.5Mn-0.2Ca and AZ31 alloys are 0.31 mA cm 2 and 0.54 mA cm 2 , respectively. The Mg-2Zn-0.5Ce-0.5Mn-0.2Ca alloy also exhibits better discharging performance, such as a higher discharge voltage and anodic efficiency, than that of the AZ31 alloy. The average discharge potentials of the Mg-2Zn-0.5Ce-0.5Mn-0.2Ca and AZ31 anodes are -1.45 V and -1.31 V mA cm 2 , respectively. The anodic efficiencies of the Mg-2Zn-0.5Ce-0.5Mn-0.2Ca and AZ31 anodes are 62.1% and 53.8%, respectively. Thus, the Mg-2Zn-0.5Ce-0.5Mn-0.2Ca alloy is a good candidate as an anode material for Mg batteries.
INTRODUCTION
A shortage of energy and an increase in environmental pollution are restricting and affecting daily life, so the development and use of green energy is urgent [1, 2] . Mg batteries, e.g., Mg-air batteries, Mg seawater-activated batteries and magnesium dry cells, are good candidates for green energy applications because they contribute no pollution and have a high energy density, low cost and wide availability [3] [4] [5] [6] . However, Mg alloys easily corrode due to their negative standard electrode potential. Thus, Mg anodes have a low utilization efficiency during the discharge process, which has seriously set back the development of Mg batteries seriously [7, 8] .
Many studies have shown that an alloying treatment is an efficient way to enhance the corrosion resistance and discharge performance of Mg alloys [9] [10] [11] . The common alloying elements include aluminium, zinc, lithium, manganese, calcium, zirconium, lead and rare earth elements. An AP65 (Mg-6 wt.% Al-5 wt.% Pb) alloy exhibited superior discharge performance. However, Pb is harmful to human bodies. An AZ31 alloy shows excellent overall performance, which is frequently used as an anode material for Mg batteries in commercial products. Furthermore, Zinc is one of the essential elements of the human body. Recently, many studies have shown that a Mg-Zn alloy doped with appropriate minor alloying elements has a high corrosion resistance [5, 6] . Rosalbino et al. [6] examined the corrosion performance of Mg-2Zn-0.2X (X = Ca, Mn, Si) alloys and compared it with that of an AZ91 alloy in a simulated body fluid. The results show that the Mg-2Zn-0.2Mn alloy has a superior corrosion resistance, which is much higher than that of the AZ91 alloy. Li et al. [5] investigated the microstructure and corrosion performance of a Mg-1.5Zn-0.6Zr alloy. The Mg-1.5Zn-0.6Zr alloy shows a homogeneous single-phase structure and high corrosion resistance. The corrosion rate of the Mg-1.5Zn-0.6Zr alloy was only half that of an AZ91 D alloy in a 5 wt.% NaCl solution. Thus, a Mg-Zn alloy with an appropriate addition of alloying elements may be a good candidate as anode material for Mg batteries. However, the discharge performance of Mg-Zn-based alloys has rarely been reported.
In this study, Ca, Ce, and Mn are used as alloying elements, and a Mg-2Zn-0.5Ce-0.5Mn-0.2Ca alloy is prepared. The corrosion and discharge performance of the alloy is investigated using electrochemical methods. An AZ31 alloy is chosen as the contrast. The purpose of this work is to find a superior Mg anode for a magnesium-based primary battery, which has no harmful effect to human bodies or the environment.
EXPERIENTIAL
Mg alloy with a nominal composition of Mg-2Zn-0.5Ce-0.5Mn-0.2Ca was prepared from ingots of pure magnesium (99.995 wt.%), pure zinc (99.995 wt.%), Mg-10 wt.% Ce, Mg-5 wt.% Mn, and Mg-10 wt.% Ca intermediate alloys using a medium frequency induction furnace under a cover gas mixture of CO2 and SF6. The obtained ingot was homogenized at 420°C for 6 h. Then, the alloy was extruded at 350°C and subsequently rolled at 300°C. Finally, the rolled alloy was annealed at 400°C for 6 h to eliminate any defects. The actual chemical composition (wt.%) of the alloy was as follows: 1.99 Zn, 0.45 Ce, 0.42 Mn, 0.18 Ca and Mg balance. Commercially rolled AZ31 alloy was used for comparison, which had the following chemical composition (wt.%): 2.75 Al, 0.91 Zn, 0.31 Mn, 0.15 Si and Mg balance.
A three-electrode electrochemical cell was used to measure the polarization curves and electrochemical impedance spectra (EIS) of the alloys. A platinum plate with a size of 15 mm×15 mm was used as the counter electrode. A saturated calomel electrode (SCE) was used as the reference electrode. Test samples with a size of 10 mm×10 mm were used as the working electrodes. The surface of the test samples was ground with 1200-grit SiC paper. A 3.5 wt.% NaCl solution prepared from distilled water and analytical grade NaCl was employed as the electrolyte.
Polarization curves were performed at a scan rate of 1 mV s -1 , while the EIS curves were performed at the OCP potential from 100 KHz to 0.1 Hz. The potential-time curves were performed at an anodic current density of 10 mA cm -2 . All the electrochemical measurements were performed at 25±1°C after a 30 min immersion of the samples, and a PGSTAT 302N system was used for the measurements. The EIS curves were fitted with ZSimpWin software. The utilization efficiency of the Mg anodes was calculated by the following equation [12] [13] [14] : (1) where i represents the current density (A cm -2 ), A represents the surface area of the anode (cm 2 ), t represents the total discharging time (h), Ma represents the atomic mass (g mol -1 ) of the anode, F represents the Faraday constant (96485 C mol -1 ), and Wi and Wf represent the weights of the Mg anodes before and after the discharging test, respectively. The surface morphologies of the discharge products were examined using a TESCAN VEGA-3 LMH scanning electron microscopy (SEM) system. Fig. 1 shows the metallographic structure of the Mg-2Zn-0.5Ce-0.5Mn-0.2Ca and AZ31 alloy. The Mg-2Zn-0.5Ce-0.5Mn-0.2Ca alloy exhibits a much finer grain size compared with that of the AZ31 alloy. The reason is that the Ca, Ce and Mn elements play a role as grain refiners during solidification of the alloy. Table 1 . Table 1 . Corrosion parameters of the Mg-2Zn-0.5Ce-0.5Mn-0.2Ca and AZ31 alloys.
RESULTS AND DISCUSSION

Samples
Ecorr (V) Icorr (mA cm -2 )
Mg-2Zn-0.5Ce-0.5Mn-0.2Ca -1.62 0.31 AZ31 -1.58 0.54 The two curves are similar in shape, indicating that the two alloys have similar corrosion mechanisms. However, the Mg-2Zn-0.5Ce-0.5Mn-0.2Ca alloy exhibits a higher corrosion resistance compared with that of the AZ31 alloy. The corrosion current densities of the Mg-2Zn-0.5Ce-0.5Mn-0.2Ca and AZ31 alloys were 0.31 and 0.54 mA cm -2 , respectively. There are two reasons for the higher corrosion resistance of the Mg-2Zn-0.5Ce-0.5Mn-0.2Ca alloy. On the one hand, the finer grain size of the Mg-2Zn-0.5Ce-0.5Mn-0.2Ca alloy can provide more grain boundaries that can act as physical barriers during the corrosion process. Moreover, it has been widely reported that the addition of Ca and Ce in a Mg alloy can provide a protective corrosion product film. This product film can hinder further corrosion of the alloy during the corrosion process [15, 16] . Moreover, the Mg-2Zn-0.5Ce-0.5Mn-0.2Ca alloy shows higher electrochemical activity than that of the AZ31 alloy. The corrosion potentials of the Mg-2Zn-0.5Ce-0.5Mn-0.2Ca and AZ31 alloys are -1.62 V and -1.58 V, respectively. The reason is that grain boundaries can improve the electrochemical activity of a Mg alloy, and the Mg-2Zn-0.5Ce-0.5Mn-0.2Ca alloy can provide more grain boundaries. Fig. 3 shows the EIS curves of the Mg-2Zn-0.5Ce-0.5Mn-0.2Ca and AZ31 alloys in a 3.5 wt.% NaCl solution. The Nyquist plot for the Mg-2Zn-0.5Ce-0.5Mn-0.2Ca alloy consist of two capacitive loops and an inductive loop. The capacitive loop in the high frequency region is related to the charge transfer process, and the second capacitive loop is attributed to the product film on the alloy surface, whereas the inductive loop is caused by a metastable Mg + concentration [17] [18] [19] . However, the AZ31 alloy only consists of a frequency capacitive loop and an inductive loop. The capacitive loop and inductive loop were attributed to the charge transfer process and metastable Mg + concentration, respectively [17, 18] . The absence of the second loop for the AZ31 alloy indicates that the corrosion products provide weaker protection to corrosion compared with that of the Mg-2Zn-0.5Ce-0.5Mn-0.2Ca alloy. The equivalent circuits of the EIS curves are shown in Fig. 4 . Rs is the solution resistance, CPE is the constant phase element used to replace an ideal capacitor, CPEdl is the double layer capacitance between the alloy surface and the solution, Rt is the charge-transfer resistance, CPEf and Rf are the constant phase element and resistance for the product film, respectively, and Rl and L represent the resistance and inductance of the inductive loop, respectively. The EIS results are fitted by ZSimpWin software and shown in Table 2 . As shown in Table 2 , the Mg-2Zn-0.5Ce-0.5Mn-0.2Ca alloy shows a much higher corrosion resistance compared with that of the AZ31 alloy. The Rt values for the Mg-2Zn-0.5Ce-0.5Mn-0.2Ca and AZ31 alloys are 403.9 and 156.8 Ω cm 2 , respectively. The EIS results are highly consistent with the potentiodynamic polarization results.
The potential-time curves of the Mg-2Zn-0.5Ce-0.5Mn-0.2Ca and AZ31 alloys at a current density of 10 mA cm -2 are shown in Fig. 5 . The Mg-2Zn-0.5Ce-0.5Mn-0.2Ca alloy exhibits a higher discharge potential compared with that of the AZ31 alloy. The average discharge potentials of the Mg-2Zn-0.5Ce-0.5Mn-0.2Ca and AZ31 alloys are -1.45 V and -1.31 V, respectively. The high electrochemical activity of the Mg-2Zn-0.5Ce-0.5Mn-0.2Ca alloy is one of the reasons for its high discharge potential. The anode efficiencies of the two alloys are shown in Fig. 6 . The anode efficiency of Mg-2Zn-0.5Ce-0.5Mn-0.2Ca (62.1%) is much higher than that of AZ31 alloy (53.8%). Obviously, the higher anode efficiency of the Mg-2Zn-0.5Ce-0.5Mn-0.2Ca alloy results from its high corrosion resistance. AP65 alloy is also considered a promising anode for Mg batteries except for AZ31 alloy. According to the reported studies, the average discharge potential of the AP65 alloy is -1.76 V at 10 mA cm -2 [20] , which is higher than that of the Mg-2Zn-0.5Ce-0.5Mn-0.2Ca alloy. However, the anode efficiency of the Mg-2Zn-0.5Ce-0.5Mn-0.2Ca alloy is much higher than that of the Ap65 alloy (47%). Moreover, the Mg-2Zn-0.5Ce-0.5Mn-0.2Ca alloy is much more environmentally friendly than that of the AP65 alloy. The surface morphologies of the two alloys after a discharge for 600 seconds are shown in Fig.  7 . The discharge product film of the Mg-2Zn-0.5Ce-0.5Mn-0.2Ca alloy is very thin and full of cracks. However, the AZ31 alloy shows a relatively think and dense product film. It has been confirmed that a loose and porous product film during discharging allows the electrolyte to pass through easily and thus enhances the discharging performance [21, 22] . Therefore, the loosely packed product film during discharging of the Mg-2Zn-0.5Ce-0.5Mn-0.2Ca alloy also enhances its discharge potential.
CONCLUSION
The corrosion and electrochemical performance of the Mg-2Zn-0.5Ce-0.5Mn-0.2Ca alloy was investigated and compared with that of the AZ31 alloy, and the results are as follows:
1) The Mg-2Zn-0.5Ce-0.5Mn-0.2Ca alloy exhibits a high corrosion resistance and electrochemical activity, which is mainly related to its fine grain size.
2) The Mg-2Zn-0.5Ce-0.5Mn-0.2Ca alloy shows a high discharge potential and anodic efficiency, mainly due to its high electrochemical activity and corrosion resistance.
3) The Mg-2Zn-0.5Ce-0.5Mn-0.2Ca alloy has a thin and loosely packed product film during discharging , while the AZ31 alloy shows a relatively think and dense product film.
